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Yield  of  PhotcmeutroTU  froia  FUtion 
"""  ^roiuett  in  ttoary  lliater 


Sv  Bernstein^  IT,  M.  Preaton,  G.  iffoif«j  R,  So  Slatt^y* 


4BSTHACT 


The  half  -  liv<3>8  and  yielda  of  the  photonoutrona  created  In  heavy  water 
l>y  fission  product  gassoa  rays  have  been  raeaeared*  Seven  half •^livos  have 

been  found;  2.6  eocu  ,  41^2  eoc.,,>  2^58  minu*  7,7  ailriv..  27,3  ndn.  •  1,65  hrc» 

4,57  hT;.#  Had  53  hr«  The  ehorteet  one  and  longest  one  of  those  are  least 
liable.  Bighty-fira  percent  of  the  photonoutrona  appear  in  the  two  shortest 
half^livoSj,  the  2,5  sec^  ooc^asnt  being  ^hree  ti'ites  as  intenso  as  tl^  41  seo^ 
oo]iq}onGnta  Tho  total  saturated  activity  of  the  photoneutrons  for  on  infinite 
amount  of  heavy  water  was  calculated  from  ineasurements  with  a  lO**  radius  sphere 
to  bo  F.bout  16  ,5^  of  tho  satiiratad  delayed  neutron  aotivityo  The  data  indicate 
that  there  must  be  of  the  order  of  two  ga»aa  rayor  of  energy  above  2ol7  Vov^ 
emitted  per  fission  by  fission  products  with  half -lives  longer  thau  one  sec 
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Yield  of  Photoneutrons  from  IT  Fission 
Producte  in  Heavy  tfater 

So  Bernatain^  it  ^  Mo  PrestoAi.  0. 

Ro  ti;.  Slattery. 

lu  Introduction 

In  a  pile  oonslsting  of  uranluM  and  heaTy  water 4^  l^aona  rays  of 
energy  greater  than  2ol7  Mer  given  off  by  the  flee  ion  producte  will 
create  neutrone  in  the  heavy  water  by  photo«Klis integration  of  the  deuteronu 
These  photoneutrons  will  have  the  sane  periods  as  the  gaana  rays  w^iich 
create  them.  They  will*,  therefore act  in  all  respectn  like  the  delayed 
neutrons  thejoselvestf  and  may  exert  an  appreciable  effect  on  the  kinetic 
behavior  of  the  pile^  In  order  to  estimate  the  effeot  of  the  photo- 
neutrons  upon  pile  pericxisp  their  number  as  a  j^xnction  of  time  must  be 
known^)  as  in  the  case  of  the  delayed  neutrons.  The  purpose  of  this  ex¬ 
periment  was  to  measure  the  number  of  photoneutrons  created  in  heavy 
water  by  y235 

fission  products  as  a  function  of  the  length  of  time  after 
borabardmonto  Since  the  photoneutrons  are^  for  short  times  after  bombard¬ 
ment »  accompanied  by  delayed  neutrons the  yields  were  measured  relative 
to  those  of  the  delayed  neutrons:*  For  this  purposOft  the  yields  of  delayed 
neutrons  as  given  by  Hu^esp  Dabbs  and  Cahn  in  CP*S094  were  used.  The  re«= 
suits  of  CP-3094  have  been  collected  in  Table  I  for  convenienoeo 


App>ratm 

k  aobamtle  dlagraa  of  the  apparatua  ia  ahoan  in  Fig:>  It  con^ 
•iatdd  of  a  tan  Inch  radiuao  l/s  inch  mill,  alunlmn  aphere  ioneraed  In 
a  large  f  of  oll<-  K  "rabbit*'  containing  a  aaapla  of  enriched  uranium 
oxide  could  be  tranaferred  froa  the  center  of  the  pile  to  the  center  of  the 
sphere  in  about  0„2S  aeco  by  aaana  of  a  pneuaatio  tidaec.  The  aphere  could 
be  filled  or  emptied  of  heavy  water  in  about  one  minute  by  neana  of  a 
aiphom  arrangamentc 

the  neutr<m  distribution  in  the  oil  waa  studied  by  means  of  fisaion 
elwurt>ers »  eaoh  containing  about  64  mg  of  enriched  uranium^  Fission 
ohsai^ra  wore  choaen  in  preference  to  BF^  counters  because  of  their  greater 
insensitivity  to  the  large  gamaa  ray  "background"  being  emitted  >y  the 
aaaiile.  The  ion  ohani)er  could  be  placed  at  chosen  reproducible  radial 
positions  in  the  tank  by  means  of  a  track  and  oarriage  arrangamentc 

Since  some  of  the  periods  involved  are  fractions  of  a  seoc#  it  waa 
necessary  to  keep  the  initial  counting  rates  quite  high  in  order  to  obtain 
good  statistios  throu^out  the  rune  To  keep  eonrections  for  misaod  counts 
low*  the  fastest  meet  readily  available  a^lifier  was  used*  A  modified 
Siaqmon  proportional  counter  amplifier  and  sealing  circuit  were  adapted 

found  to  have  a  resolving  time  of  about  20  microsacondse  This  ra- 
solwix^  tims  waa  determined  by  e^osing  a  sample  of  uranium  flrat  at  high 
pile  power*  then  at  low  power*  and  plotting  the  ratio  of  the  activities 
as  a  function  of  tins  as  described  in  CP-3094c  All  of  the  data  wore  then 
oorreoted  for  missed  counts  using  this  over-all  experimsntally  determined 
"resolving  time". 
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Flstion  pultos  from  the  amplifier  were  fed  into  e  soele  of  256 
The  date  was  recorded  by  photographing  the  Boallng«clrcuit  interpolation 
bulbe  with  an  open  ehutter  oeoilloacope  oamerav  The  film  mored  past  the 
aeem  bulhs  in  such  a  manner  that  each  bulb  appeared  as  a  dashed  line  on 
the  film  for  the  period  the  bulb  was  lite  k  tine  signal  wa«*  also  iapreesed 
on  the  film  erery  0,1  seo  by  means  of  a  neon  bulb  and  a  reTolring  shutter 
driven  by  a  synchronous  motors  The  length  of  the  exposure  sas  recorded 
automatioally  on  the  film  by  another  neon  bulb  iriiich  lifted  at  the  start 
and  went  out  at  the  end«  by  oonnections  with  the  eleotropneumatic  control 
switches A  reproduction  of  one  of  the  films  is  shown  on  Figo  Z. 

111.  Method 

The  method  employed  to  measure  the  source  activity  is  based  on  the 
following  theory^  Consider  a  point  source  of  neutrons/sec 4,  having  an 
arbitrary  energy  distribution  (above  thermal  energy}^  surrounded  by  an 
oil  bath  largo  enough  ^  absorb  all  the  neutrons ?  It  is  Icnosm  that  most 
of  the  absorption  is  dus  to  hydrogen  nuclei  in  the  oil#  and  that  the 
H*captttre  cross  section  is  very  small  above  thermal  energy o  Then  the 
rate  of  productiem  of  fast  neutrons  must  equal  the  rate  at  which  they 
arm  captured*  ^  ^  (®^)t  where  (nv)^  is  the  flux  of  thermal 

neutrons  at  any  point  in  the  oil#  is  the  maoroscopio  cross  section 

for  capture  at  thermal  energy#  and  the  integral  is  extended  over  the  oil 
volttBSc  Measurensiite  with  a  fission  chamber  detector  give  a  counting 
rate  'TT  at  any  point  in  the  oil  idiich  is  proportional  to  (nv)^t.  provided 


r 


correction  is  m&do  for  th«  opicadmiun  counting  ratao  In  th«  case  of 


spherical  synunstry,  HOC 


dH  In  our  casen  since  there  is  negligible 


neutron  absorption  in  the  heavy  water  sphere*  the  'ntegral  is  taken  from 


Hjj  to  cO  V  where  is  the  sphere  radius. 

The  Ion  chamber  was  fixed  in  a  •iven  radial  position#  an  exposure 
was  made#  and  the  resulting  neutron  counting  rate  recorded  on  the  moving 
ft  la  as  a  function  of  tirv  ”1*’  after  the  end  of  the  exposure  ^  Ahen  the 
activity  had  decreased  an  acceptable  value#  the  ion  chamber  was  moved 
to  the  next  radial  position  and  anoUier  exposure  isade  with  tlie  same  sample 
K  single  series  usually  cojf^rlsed  exposures  in  four  to  eight  positions. 

A  cowpjlete^  experiment  required  three  complete  series:  (a)  with  heavy 
water  in  the  sphoro^  in  which  case  both  delayed  and  photoneutrons  are 
present;  (b)  with  the  sphere  omptyv  so  that  the  activity  is  that  due  to 
delayed  neutrons  alone  (c )  with  the  sphere  empty  and  the  fission  chamboA 
surrounded  by  cadmium*  in  order  to  moasure  the  delayed  neutrons  witli  api- 
cadmium  energies..  With  heavy  water  in  the  sphere  the  number  of  epi* 
cadmium  neutrons  was  negligible 

The  constancy  of  the  pile  power  level  and  the  detecting  instruments 
was  checked  by  repeating  the  Initial  exposure  at  the  end  of  each  export- 
mento  Instrument  sensitivity  alone  was  checked  by  moans  of  a  Ra-OC«Be 
ayirce^  Variations  remained  within  one  percent#  which  simplified  the 
experismnt  by  making  it  unnecessary  to  use  an  exposure  mohitoro 
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Por  9ach  oxpoaure«*  a  pict  was  anado  from  the  film  data,  cf  the 
oountlng  re  to  at  the  peirtlcular  radial  poaitlon  as  a  function  of 
From  the  group  of  cuttos  forming  a  aariea«.  other  curvea  wer^  constructed 
of  (counting  rate  x  R*")  R,  for  succesaive  fixed  values  of  ‘•t**;,  Here* 

R  is  the  radial  distanoa  of  tho  dot^^otor  from  the  source  at  the  canter  of 
the  sphere.  The  source  activity  at  any  time  is  then  proportional  to  the 
area  under  the  corresponding  curve. 

oxamples  of  these  (counting  rate  x  R*")  va  R  cuurvec  are  Thown  in  Fig: 
3.  »»ith  heavy  water  in  the  sphere*,  the  curves  on  a  semi -log  scale  are 
linear  with  a  relaxation  lengtli  ( Inverse  elope)  which  is  constant  and 
equal  to  approximately  1  inches  u  Tliis  Indicates  that  the  neutrons 
have  been  wail  Uiermalited  before  they  escape  into  the  surro»inding  oil. 
•then  the  sphere  is  ampty^  the  eemi-^log  plot  of  the  neutron  distribution 
shows  a  decided  Initial  curvature  dua  tv>  slowing  down  in  the  oil  ' 

In  g3neral^  the  doeirod  source  activity  due  to  photoneutrons  alone* 
at  a  time  "tj,  is  the  difference  between  the  areas  under  the  correspond¬ 
ing  distribution  curves,  with  and  without  heavy  water i,  after  correction 
for  epicadmium  activity  By  computing  a  number  of  points*,  a  curve  nmy 
be  drawn  of  source  photonoutron  activity  as  a  function  of  time.  V'n©  abs^ud» 
that  the  data  can  be  representad  by  a  formula  of  the  forn  (1)*;  whora 
is  the  photoneutron  activity  of  the  source  as  a  function  of  time  "t” 
after  tho  end  of  the  exposure. 


*pU)  •  »i<* 

^  L 


(1) 


T  th*  ©xpoeur©  ^ ^  the  moan  lifot  tind  th«  yield  of  the 

i^^th  radioactive  period  for  infinite  exposure  tine  o  If  the  oxperimen*- 
tal  curve  is  linear  en  a  eemi^Iog  plot  at  sufficiently  large  values  of 
^e  longest  half-life  period  can  be  deteroiinedo  The  half<-lives 
of  shorter  periods  are  evaluated  by  the  well-known  "peeling  off"  process- 
A  similar  formula  for  A^(t)^  the  delayed  neutron  activity#  can  be  fitted 
to  the  volume  integral  curve  from  the  data  taken  with  the  sphere  orapty. 

By  evaluation  att»e^  can  then  express  the  yields 

aach  phctunautroQ  period  aii  fractions  of  the  total  calculated  delayed 

neutron  yield  T  *o^)r. 

At  emll  values  of  "t"  the  phctoneutron  activity  of  the  sour^ 
ea  little  as  ono^tenth  of  the  delayed  neutron  activity.  That  is«  the 
difference  of  the  areas  under  two  curves  of  the  type  shovn  In  Fig.  5„ 
with  and  without  heavy  water*  is  only  ef  either  area.  Thus  an  error 
ef  1  percent  In  either  area  causes  a  10,^  error  in  the  result*  and  It  is 
dasirable  to  obtain  the  maximum  number  of  experimental  points  in  order  to 
increase  accuracy.  At  larger  values  of  "f‘.  however,  the  delayed  neutron 
activity  becomes  a  small  and  finally  vanishing  fraction  of  that  due  to 
the  photoneutrons,  wnich  contain  several  components  of  comparatively  long 
sMan  Ufa.  In  this  case,  a  sufficiently  accurate  value  of  the  volume 
Integral  of  the  counting  rate  with  heavy  water  can  bo  obtained  from  the 
counting  rate  at  a  single  radial  position,  as  is  clear  from  Fig.  3. 

Since  the  slope  is  approximately  constant  and  known,  a  single  point  de¬ 
termines  the  area  under  a  curve.  «here  "t"  must  be  extended  to  many 


hours «  this  procoduro  results  in  a  considerable  saving  of  timso 

toperlMental  Hesults 

(^)  periods  and  Uhcorrectad  Yields 

figo  4  is  a  plot  of  the  photoneutron  aetlTlty#  aeaaured  at  a  single 
radial  position  with  U^O  in  the  sphere*  as  a  fUnotioa  of  tisMio  The 
sai^ple  was  2o7  gn  of  roughly  eoji  25  exposed  in  the  pile  for  3o75  hourso 
dithin  the  interval  4  hours  to  26  hours*  the  gross  aetivi^i  Curve  #1* 
is  well  represented  by  three  periods  of  half-life  5S  hr«*  4«S7  hr^^  end 
lo65  hr*  the  longeet  period  wey  be  ooneiderably  in  error  because  it  was 
followed  over  a  range  of  only  2  in  activity#  and  the  aotivlty  at  the  Md 
wae  only  a  few  tiises  baokgroundo  the  other  two  periode  were  follcsped  over 
a  factor  of  100*  and  ehould  be  accurate^  The  relative  yields  were  com¬ 
puted  by  extrapolation  of  the  individual  terwe  to  sero  tim  and  infinite 
exposure D 

riga  5  illustrates  a  SO  win  exposure  of  a  0*7  gp  senple*  also 
■easured  at  a  fixed  radial  positiona  Curve  #l  is  ahe  gross  activity^ 

A  foraiula  representing  the  three  previously  deterained  photoneutron 
periods  was  fitted  to  Curve  yl  at  t  •  6.6  hr-  by  the  adjustnent  of  a 
constant  ■ultiplier*  which  allows  for  the  different  ssaple. site  and  pile 
power  level;,  Curve  #2  is  the  result  of  subtracting  from  i'l  these  three 
longer  periodSo  It  indicates  a  fourth  period  of  27oS  minutes  half-life* 
with  signs  of  a  still  shorter  period  at  t<  1  hr« 

rigo  6  illustrates  a  6  min  exposure  of  a  *7  gp  sasqplso  Curve  #l 
is  ths  crude  data*  Curve  y2  is  the  result  of  subtracting  off  the  four 
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praTiously  doter&lned  periods  by  •'‘dans  of  a  formula  adjusted  to  fit  at 
t  •  129  Bln.,  k  fifth  period  of  Imlf^-life  7,7  min  is  demonstrated. 

Thtia  far  m  have  determined  the  yields  of  5  photoneutron  periods 
relative  to  each  other..  In  the  next  experiment#  the  yields  are  related 
to  that  of  the  delayed  neutrons c  Figo  7  shoes  results  of  a  3  min  ex* 
posure  with  a  0o7  gp  sample i,  from  t  »  3  min  to  1  houro  In  the  first  part 
of  this  interval  the  delayed  neutron  activity  is  not  negligiblec  It  was 
measured  in  the  following  mannero  A  series  of  7' exposures  was  made#  with^^ 
out  D2O  in  the  sphere^  varying  the  radial  distance  E  of  the  detector  from 
the  source  and  measuring  with  a  mechanical  recorder  the  number  of  counts 
in  the  interval  t  •  2c5  to  t  •  4,>0  min«  This  time  integral  of  the  de-* 
layed  neutrons  was  plotted  as  a  (counting  rate  x  E  )  vs  R  ourvev  the 
area  i  under  the  curve  being  proportional  to  the  time  and  volume  integ|*al 
of  the  delayed  neutron  activity  of  the  source A  six  tern  formula  similar 
to  JSqn  (1)  was  set  up  for  A^(t)«  using  the  constants  for  the  delayed 
neutron  periods  as  given  in  Table  I*  and  integrated  from  t  »  2o5  to  4o0 
■in.  Utting  M  Ci^Aj{t)dt,  the  constant  Ci  was  determined  for  thih 
experinent^  CjAj(t)  then  represents  the  voluae  integrated  delayed 
neutron  activity  as  a  function  of  tlnwu 

Curve  #1  of  Plgo  7  shows  the  groas  source  activity  with  DgO  in  the 
sphere?  This  wm  actually  conputed  from  the  counting  rate  measured  at 
a  single  radial  position.,  an  approximation  previously  discussed?  If  we 
subtract  from  this  the  delayed  neutron  activity  CjA^(t)»  coa^uted  as  above? 
the  result  is  Curve  representing  photoneutrons  alonso  Curve  #3  is  the 
result  of  subtracting  off  the  5  previously  detensiaed  photoneutron  periods, 
fitting  the  fonsala  at  t  -  63  min?  A  sixth  period  la  indicated  of  half- 


iife  2,38  min 
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Sine«  wo  hwvo  a  formula  roproaoDtin^  tho  toIum  intogratod  activity 
of  tha  dolaywd  noutrona  and  ona  for  6  photonautr<m  parioda«  wa  can  now 
axtrapolata  to  t  •  o  and  infinite  axpoaura  tina  and  datarmino  tha  photo- 
neutron  yields  relative  to  the  delayed  nautronao  Thbla  II  llata  theaa  six 
parioda  with  their  yialda  A  relative  to  tha  yield  of  the  Z2  aec  delayed 
neutron  period  as  loOOo 

In  the  next  experijMnt^  no  short  cute  were  panaisslble  because  of  the 
need  for  aocuracy«  Kig«  Curve  fl#  shoiia  the  gross  integrated  activityi, 
with  £>2^  in  the  sphere^  resulting  from  a  30  see  exposure  of  a  0.15  gm  en« 
riohed  sampleo  bach  point  on  the  eurve  n^eeente  an  integral  of  (counting 
rate)  x  ve  taken  from  ounrea  of  the  ^e  ehown  in  Fige  So  Curve  itZ 
shows#  for  the  same  expos ure«  the  vulume  integrated  activity  without 
due  to  delayed  neutrons  alonso  Curve  gZ  has  been  eorreoted  for  opi-cadmium 
aetiri^#  which  aswumted  to  about  2^  Curve  |Q«  Kig«  shows  ths  total 
photoneutron  aetivity#  Curve  #1  sdnus  f2«  It  is  seen  that  the  difference 
is  only  lOjC  of  the  total  activity  at  t  •  30  seco 

The  delayed  neutron  formula  was  fitted  to  the  ejq>eri]DBntaI  Curve 
and  the  saturated  delayed  neutron  activity  computed  for  ^is  experiment o 
From  previous  results#  a  formula  expressing  the  photoneutron  activity  could 
be  set  for  the  2o4  min  and  longar  periods  o  dubtracting  those  off  from 
Curve  1^#  the  result  was  Curve  4*4*  which  represente  a  new  period  of  half«» 
life  41  eao  and  yield  A  -  0c090  (see  Thble  II  )c  There  ie  evidence  for  a 
s^ill  shorter  period  below  t  •  30  sec.#  but  in  «iie  experiment  the  counting 
rate  becaam  so  high  in  this  rsgion  that  the  daU  are  not  rallabloo 


A  series  of  30  aac  exposures  was  made  with  a  lo5  jgm  sample  of  un*^ 
enriched  uranium^  Curve  Fig^  is  the  total  integrated  activity 
with  P2O4)  Curve  that  without*,  Curve  dr3  their  difference.  The  de¬ 

layed  neutron  formula#  using  the  value*!  in  Table  1#  was  fitted  to  Curve 
at  t  •  10  sec.  It  is  of  interest  as  a  check  on  Table  I  that  the  formula 
then  agreed  with  the  experimental  results  to  I, I  or  better  from  t  **  ^,5  sec 
to  t  •  12  sec  end  with  the  tiras  integrated  activity  from  t  •  30  to  t  •  50 
secc 

A  formula  for  the  photcneutron  activity  due  to  the  7  previously  de¬ 
termined  periods  was  obtained  by  fitting  it  to  the  observed  ti'ie  integrated 
activity  in  the  interval  t  *  30  to  t  •  50  sec.  This  was  subtracted  from 
Curve  ^1.  yig-  9*.  to  yield  the  new  period#  Curve  #4*  of  half-life  2c6  sec 
and  A  •  Oo225  (See  Table  II )r 

c»)  Estimated  Accuracy 

The  accuracy  to  be  expected  in  obtaining  one  of  the  areas  under 
curves  of  the  type  in  Kig&  3  is  about  one  percent#  due  to  statistical 
probable  «rror«  alone.  Since  the  short  period  photonetttron  yields  were 
obtained  as  tho  difference  of  two  areas,  amounting  to  about  10  percent 
of  either 9  these  yields  are  uncertain  by  at  least  10  percent.  The  yields 
of  tho  longer  periods,  except' for  the  53  hr  period,  should  be  somewhat 

more  accurate o 

If  the  heavy  eater  was  99.87  percent  pure^  as  stated  by  the  iranu- 
facturer,  the  absorption  of  neutrons  in  it  would  have  been  negligible. 
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Slip#  contaaination  might  hav«  beom  Introduced  during  the  course  of  the 
experiment,  the  neutr<m  absorption  of  the  heary  mater  mas  tested  in  the 
following  manner}  An  Sb*Be  photoneutron  source  mas  placed  at  the  center 
of  the  sphere  and  the  neutron  distribution  oursea  in  the  oil  mere  obtain* 
ed«  with  and  without  heavy  mater «  dince  the  y*rays  from  Sb  are  lees 
than  2»17  mev«  they  cannot  create  any  photoneutrona  in  the  heavy  mater# 
and  the  areas  under  the  (counting  rate)  a  R^ve  R  curves  should  be  equal 
ii/tmo  cases*  Actually  the  areas  mere  found  to  be  the  sasie  within  about 
2  percsnt. 


Correotlons  to 


iriaental  Yields 


In  Ysble  II,  CoIimbi  A  represents  photoneutron  yields  (saturated 


ectlvitime)  for  our  sphere  of  heavy  mater  relative  to  the  22  esc  delayed 
neutron  period  yield  as  loCX)o  In  order  to  correct  these  yields  to  the 
ease  of  an  infinitely  large  sphere  of  and  complete  Y-<"ay  absorption* 

It  is  necessary  to  know  the  energy  of  the  y-rays*  Conclueiohe  about  the 
initial  energy  of  the  photoneutrons  could  not  be  made  from  the  date  of 
ttie  experiment*  The  large  amount  of  heavy  water  moderator  slowed  the 
nsutrona  down  t^o  such  an  extent  that  the  shape  of  the  distribution  curve 
in  the  oil  where  the  measurements  were  taken  was  no  longer  a  measure  of  the 
iaitiaX  neutron  energy*  hence,  we  have  tried  to  correlate  our  periods  with 
those  reported  by  Hughes#  Spaets  and  Cahn  in  CP^472#  April  25,  1946r 
y^le  III  shows  this  correlation*  Althou^  the  agroement  in  the  half» 
llvoa  la  only  fair*  it  la  sufficient  to  set  up  a  oorreepondence  between 
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our  period*  auid  'their 8 o  Accord inglyt  we  have  used  their  values  for 
the  Y'^ray  energies «  In  the  case  of  the  two  longest  periods  as  shown 
in  Table  II#  we  have  assumed  entirely  arbitrarily  an  energy  5^  •  3  mev 


for  purposes  of  computation^ 

In  D2O  and  for  Y-ray  energies  between  2  and  6  mv  the  photoelectric 
effect  and  pair  production  are  negligible  in  comparison  with  the  Compton 
effeoto  If  we  assusw  that  every  Conpton  scattering  of  a  Y-ray  quantum 
by  an  electron  reduces  the  quantum  energy  below  the  Y*w  threshold  in 


D9O#  the  fraction  of  the  quanta  absorbed  in  a  sphere  of  radius  R  om, 
Yon  a  central  point  source#  is  •  1  •  e  *  where  /  *  ** 


linear  "absorption^  coefficient/cm  for  Compton  scattering  and  ^  Is  the 


coeffioient  for  the  Y*n  reaction  in  D^Oo  For  this  experiment  the  ef- 
feetiv*  thiokn***  of  heavy  water  i*  23^3  ewa  •  CT^  *  5o35  x 


lO^/o*®  for  DgO#  where  Coaipton  aeatterlng  croai  aectlon/electron 

variM  from  lo27  x  lO"  o«^  at  2»B  mev  to  1^06  x  10  at  3,5 


/*Y  •  6.7  X  10^^  X  C7^/cw?,  iriiere  CTy,  the  y.n  croaa  aa«tlon/il*«taron 

*28  2 

varies  from  sero  at  2«17  mev  to  about  14  x  10  cm  at  5 *>5  nevo  In 


table  II  aro  Hated  values  of  thw  oorrectloo  factor  by  which  the 

yiwlda  A  wiet  be  wultiplied  to  give  the  yield#  for  an  infinite  ephere 

of  DgO.  for  the  aesuned  energies  8^= 

A  snail  correction.  OC,  •  1.06,  le  listed  In  the  next  coluso  of 
table  II.  This  conpeneatee  for  the  y-ray  abeorption  in  the  0.080  Inch 
wall  thickness  of  the  pnsunatlo  tube,  the  fixed  0.125  inch  thick  Al  tube 


•25® 


through  th«  center  of  the  sphere p  and  in  the  3/i6  Inch  thick  wall  of  the 
bikelite  rabbit:> 

Colum  /S  in  Table  II  f.lTos  an  additional  oorreetion  necessary  be¬ 
cause  not  every  Compton  acatterinf  process  reduces  the  energy  of  a  y-ray 
quantum  below  the  Y*n  tlireahold*,  so  that  the  flux  of  y^rayo  of  energy 
above  the  threshold  is  everywhere  higher  than  we  would  calculate  using 
the  full  Con^ton  scattering  cross  seotiono  la  then  the  ratio 

ef  the  nunbar  of  y^n  neutrons  produced  in  an  infinite  D^O  sphere  to  that 
produced  in  a  sphere  of  radius  23c>3  oi&«  taking  into  account  multiple 
scatterings  The  theory  of  this  correction®  developed  by  SoodaJc  and 
Oreulingi  is  given  in  Appendix  Ki> 

Colum  Ac  in  Table  II  is  A  the  corrected  yield  of  photo¬ 
neutrons  in  an  infinite  sphere  of  Col\ii»n  A^  is  100  Ac/4«54®  the 

peroent  yield  relative  to  the  total  number  of  delayed  neutrons  (See 
Table  It  total  of  Colo  A)b  Colunm  A^  is  2^,43  x  0,00766  A  /l00i>  the 
absolute  yield  of  pKotoneutrons  per  fission®  taking  (25)  •  2o43  and 
'th*  dslftyod  nsutron  yl«ld  fron  Ttblo  lo 


(D)  OMm  R»y  Tlald* 

N«  now  oon^uto  the  numbar  of  T-r*y«  par  ftaalon  nacesiinry  to  produce 
thn  photonautrona  of  anch  perlodc  with  yield#  Ay  in  Table  I.U  The  frac¬ 
tion  of  the  total  Y-ray  quanta  from  a  point  eource  which  are  abaorbed 


In  the  reaction  in  an  infinite  D->0  sphere  is 


i  A-/-. 
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providvd  Moh  ecattaring  procaaa  i»  assumd  to  reduca  tha  anorgy  ba- 
low  tha  thraaholdi  If  wa  taka  into  account  the  fact  that  aoma  acattarad 
quanta  still  Kava  anargy  abova  the  threshold^  tha  actual  photonautron 
production  will  ba  highar  by  a  factor  which  will  ba  small  naar  tha 
threshold  and  Incraasa  with  tha  initial  energy  of  the  T^rayo  In  Table 
II  are  listed^  for  each  period»>  tha  values  of  i/^y  wid  of  Tha  ab*» 
soluta  yield  of  Y»ray  quanta  per  fia'Sion«  Kyp  will  be 

Ky  ^ 


V  Diaoussion  of  Res  a  its 
(A)  Suanary 

A  sumry  of  tha  results  obtained  is  given  in  table  II o  An  eaplana® 
tian  of  the  meaning  of  each  column  is  given  with  the  tablec 
suits  may  ba  sunmarited  as  follows  t 

(1)  The  photoneutron  periods  observed  show  half-lives  fron  2a S  seo  to 
55  hrso 

(2)  «ilghty-five  pwreent  of  th«  photonoutron*  appear  ia  tha  ahorteat 
half-liraa  of  2c5  aac  and  30  aac.  tha  2c5  aao  half-llfa  oonponaot  be¬ 
ing  three  tlmaa  aa  Intanaa  a«  the  30  aaa  half-lifao 

(3)  tha  total  eaturatad  actlrlty  of  tha  photonautrooa  for  an  infinite 
amount  of  hoary  water  ia  about  16i  of  tho  aaturatod  delayed  neutron 


sctivltyo 
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(B)  Ths  Bffeot  oT  jPo»8ibl^  Ffcr»nt*DMightar  Contrtbutiona 

It  should  b»  polntod  out  that  in  the  analyala  of  the  data  as  dos^ 
orlbod  abova  it  has  baaii  assunwd  that  tha  hard  gnoma  ray  oaittors  aro 
initial  fission  fragwntSe  Tha  intarpratation  of  tha  data  is  nada  soma- 
ffhat  undartain  bacaua#  of  tha  posalbility  that  tha  hard  photon  giving 
tha  photonautron  smy  oona  from  a  daughtar  of  tha  initial  fraginont^  In 
such  cases  tha  data  isay  yiald  tha  trua  periods  hut  tha  amplituda  daduoed 
by  axtrapolating  tha  dacay  eunra  back  to  saro  tina  id  11  ba  in  arroro 
If  tha  daughtar  has  a  vary  ouch  longer  life  than  its  parents  tha  error 
will  not  ba  large  u  If  tha  two  have  oonparable  llfatlnwa  tha  saturated 
activities  givsn  a»y  ba  a  oonaidarabla  ovarasJtlmtao  If  both  tha  parent 
and  daughter  give  hard  gawna  rays*  both  anplitudas  will  ba  In  error*  but 
tha  aiWi  of  tha  two  •iq>oaantlal  terms  will  give  a  oarrsot  description  of 
tha  activity  as  a  function  of  timer 

(C}  Muwbar  of  l^hotons  Par  fissipn 

yroR  tha  number  of  photonautrops  paa-Tiaaiwx*  tha  nuwbar  of  photons 
per  fieeloB  mm  calculated  from  cons Ideratlooe  of  the  relatire  proba¬ 
bilities  of  Coi^>ton  and  y.n  oollUions.  The  results  for  each  period  are 
^iTen  in  the  oolusn  of  Table  II.  The  su»  of  the  ealues  in  Ihis  colum 
Is  2,S  photooe  per  fission^  For  the  sixth  period  listed,  ibi^iee,  Spaat* 
and  cahn  ijire  teo  values  for  the  Y-ray  energy,  one  fro«  photoneutron  energy 
neasurenente  (2,28  bbt)  and  one  fro«  diieot  Y-ray  absorption  measurements 
(2,4  mev).  The  Y.n  oroes  section  is  changing  very  rapidly  in  this  region, 
so  that  the  calculated  number  of  photons  par  fission  Is  very  sensitive  to 


which  cf  thaae  two  values  i*  used  ,  dvsn  if  the  value  giving  the  lessor 
nuauer  of  photons  per  flea  Ion  is  used,  the  total  number  of  photons  per 
fission  adds  up  to  1  7  ^  a  totals  this  number  may  not  be  unreason** 

able.  However V'  the  0.^62  photons  per  fission  given  for  the  single  ZJS 
set  period  is  much  tco  hig^i  to  be  due  to  a  single  isotope o  The  sa^ 
cone lutt ion  could  be  made  also  for  the  41  sec  and  the  2o4  mia  periods^t 
since  the  highest  fission  yields  observed  are  about  six  peroeato  These 
cons  .derations  aug.^est  that  there  loay  be  many  fisalon  products  having 
pericKitf  cf  aeveral  seronda  to  several  minutes «  with  Y'^rays  above  ZcZ 
mev^  If  close  tA^gethor^c  such  periods  could  not  be  resolved  In  thlr 
ex  per  intent  c 

If  the  suggestion  that  25  nay  have  mny  short  period  Y®rays  is 
true^r  smd  since  these  short  periods  have  been  ahowxt  to  account  for  90, ^ 
ef  the  photoneutronsf  then  the  reauits  of  this  report  might  be  used  to 
speculate  about  photons utron  yield  cf  23^.  for  which  there  are  no  obcerva-- 
tiona  available  at  the  present  timoc  by  the  following  considerations s 
The  2o5  sec  and  41  sec  periods^  which  account  for  90^^!  of  the  photo» 
neutrons^  about  1  photon  per  flssionc  Since  maximum  Assion  product 

yields  arc  about  there  are  about  IV  fission  chains  contributii^  the 
hard  r^^rays  in  the  case  of  25  if  we  assume  one  photon  per  flea  ion  chains 
The  effect  of  one  of  these  Is^  then*;  at  most  5  to  10:;^  and  the  shift  in 
the  naxioum  of  the  fission  product  yield  curve  of  a  few  mass  nujri>er 
units,  in  going  from  25  to  23,  is  not  likely  to  have  any  considerable 
effect;  The  number  of  photoneutrons  from  23  might,  therefore,  bn  ex^ 
peoted  to  bo  roughly  the  same  as  for  26o  The  number  of  delayed  neutrww 
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for  2S  ha*  <>a«i  raported  to  b*  about  ono-third  t^«at  for  25  (CP-3147  )  = 
Cooaoquently,  It  soam  that  for  23  th#  numbar  of  photonoutroiw  nay  bo 
conpAmbl#  to  tho  iiu®b6r  dolAyod  ooutronsa 

(O)  CoBq>^ri<on  Mitu  CP*»S4T2 

Thl*  work  waa  dona  aiaultanaoualy  with  that  of  iiuehaa«  Spaat*  and 
CahB  at  tha  Argonna  Laboratory  (CP-34T2),  Our  raaulta  ara  caaparad  with 
thalra  in  Tabla  III.,  tha  agraamant  batman  tha  perioda  la  fair,  oon- 
aldarlng  tha  largo  nuabor  of  dalayad  and  i^otonautron  parioda  InrolTodo 
Tha  min  dlaagraanant  in  tha  parioda  ia  that  our  daU  ahowad  a  4.4  hr 
pariod  not  raportad  by  thaai.  It  aaawa  wary  probabla  that  really  aeourata 
datarmination  of  tha  parioda*  aapaolally  the  ahortar  onaa,  would  nacaa- 
aitata  chewloal  aaparation  of  iadiwldual  fiaaloo  produota,  or  groupa  of 
producta.  Tha  graataat  dlaagraaiaant  on  ylald  waluaa  llaa  in  tha  ragion 
wharw  tha  waaaurananta  are  made  difficult  baoauaa  tha  photonautrona 
rapraaant  only  a  anal I  part  of  all  tha  nautrona  praaant.  Tha  SO  aeo 
pariod  of  CP-S4t2  ia  thraa  tlrwa  aa  intanaa  aa  our  41  aac  pariod.  Tha 
auw  of  tha  Taluaa  liatad  In  Colwn  A  of  Tabla  11  giwaa  tha  raault  that 
tha  total  aaturatad  photonautron  aotWlty  la  16^  of  tha  aaturatad  dalay¬ 
ad  aauiron  aotlwlty*  CP-8472  givaa  for  thia  ratio. 
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TABLE  1 


Delayed  Neutrons  from  26 


r 

n 

1 

& 

B 

•0,2 

8So6 

.25 

0,153 

2^5  X  10* 

81.8 

22.0 

,56 

1.00 

l6o6 

6.80 

4.61 

.49 

1,28 

2U3 

2.19 

1.52 

.62 

1,45 

24.1 

0.62 

0o48 

,42 

0,51 

8o5 

0.072 

0,06 

0,16 

2o5 

Total* 

4.54 

75c6  X 

•  periods  »  half  life*  S  •  energy  In  sistv 

A  *  saturated  yield  relative  to  the  yield  of  the  22  sec  period  as  1:>00 

B  «  absolute  yield  relative  to  the  total  number  of  neutrons  emitted 
per  fission 

Data  fron  CP^094  (HugheB«  Dabbs  A  Cahn  7«4(0*45)  and 
CP-S40B  (Hall^;  Deco  1945). 


Fh«t«n«utron  Tie  Ida  md  Perlodii 
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CarrMtlOB  faster  to  aooount  for  Y*s  not  knockod  bolew  throshold  on  sinclo  eollltlen 
Absolut*  nuBbsr  of  photons  per  flsslan 


TABLS  IIJ 


CoMpfcrlson  of  Rg<uXta»  This  4  CI**^472 


This  Hft 

Hughea 

0  SpMtc  k  Cafcn 

Hef »  Noo 

n 

*r 

1 

53  h 

.00074 

24  h 

,00032 

•a 

S 

4,37  h 

»00232 

- 

3 

1.65  h 

,Q16B 

2  0  h 

c009l 

2c62 

4 

27c3  a 

,.0149 

32  a 

,0118 

2.66 

5 

ToT  a 

»0242 

6c5  a 

.0210 

3c0 

6 

2o4  a 

,0504 

90  s 

r0720 

2.65 

7 

41  a 

,147 

30  s 

c456 

2.25 

6 

2<^5  ■ 

c469 

1 

6.7  s 

655 

ZA 

•  half-life 

A  •  corrected  yield «>  infinite  DoO  absorbeiy  relative  to  the  yield 
of  the  Z2  eeo  delayed  neutron  period  as  1^00 

•  Y-ray  energy  in  mev 


-23- 


AFt>SNDlX  k 


■•utron  Yield  froa  Multiply  Soettered  Qoiapton  Fhotoae 


8o  areulln^ 


th*  netttrott  yield  rMulting  trom  the  photodieiategretion  of 
gaiiteriUB  ia  •  epher*  of  heavy  eater  oa»  be  oaleulated  by  aaklag  u*e 
ef  the  following  aii^le  aeauii|>tioiM  t 

(*)  Kwry  CM^ton  aoattered  photon  of  iaeident  energy  greater  than  2 

•ev  auffere  negligible  ehange  in  direction,  aotually  4  ner  i^toae 
are  eoattered  by  leee  than  80®  If  their  reeultlng  energy  ie  above 
tte  ZpZ  myo 

(b)  the  differential  eroee-eection  for  eoattering  of  photcne  of  energy 
t*  into  the  energy  range  g  to  B  *  dg  ie  independent  of  tJie  lower 
•Bargy  g«  and  ie  equal  to 


2lfr 


(g'  ->  g)dB 


dg«  4,5  ^  g*  ^  7 


gwe  rp  -  and  8*  and  B  are  the  incident  and  aoattered  pho- 

to.  -»ro  !.■.*«»«•.  «-  «"■“* 

fomO.  fro.  .l-tu.  (J)  i*  5.M  •“•o  “»»• 

S  ••  T  ud  8  •  4o5o 

(o)  the  total  Ctapton  oroeo-eeotton.  aa  a  function  of  r-my  energy. 

g  betneen  4.5  and  7  m? ,  differa  by  leea  than  2^  fron  the  approxi- 

foranla. 

(T'  (g)  •  8  tr  r^^  [yw  ■)  ♦  0<>08®J 
where  o(  •  8/4. 


-?A 


Consider  a  point  source  of  Y^rays  of  energy  8^  at  the  center  of 
a  sphere  of  ^2^"  nujaber  of  photons  per  unit  source  strength  cross » 

ing  a  spherical  surface  at  r  that  have  suffered  no  collisions  is  e'V^o^ 
/^o  ^  reciprocal  man  free  path  of  photons  of  energy  8^, 
According  to  Kquo  (2) 

/“  -  2  IT  r/  H  |^l/{aj  g)  ♦  0,08^  ♦  (g)  (5) 

Where  8  Is  the  nusiber  of  electrons  per  and  (B)  Is  the  f,n  inrerse 

absorption  mean  free  path  for  photons  of  energy  8o  Hereafter  ^ 

dropped  from  8qu<  (3)  because  it  at  nost  amounts  to  enly  a  0eS;(  oorreo* 
tion  on  . 

Lst  F(r«8)d8  be  the  number  of  photons  of  energy  8  to  ♦  dJS 
that  cross  the  spherical  surface  at  r  after  having  suffered  at  least  one 
collisionr.  The  balance  between  scattered  photons  entering  end  leaving 
the  cell  of  extension  dBdr  Is^  upon  Inserting  Kqu^  (I}«  gi^cn  byt 


B 


o  g  dB 
o 


'8  “TT 

•  B 


F(r*.B')  ♦ 


ZITr 


.-A--  («) 


Zf  one  defines  a  new  variable, 


Zlfr 


(l/B  »  1/B«), 


(«) 


ajad  substitutes  into  equation  (4)  the  form, 


2Vr  2 


o  ■  -/”o' 

e  o 


(6) 
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obtaios  th*  following  Intogro-dlfforwntlal  oquAtion  for  ^  i 


^  -  1  ♦<ir  d*'  f  (r**’) 
Jo 


Cloarly  th*  ooonw^ion  of  forward  •oattaring  (a)  roquiro*  ft 
and  thoroforo  ^  >  to  vanish  as  r  approaohas  ssro.  Bjr  taking  tho  laplaos 
transfora  of  oquation  (T)  with  rospoot  to  tiko  variahlo  r»  i.s» 

L  (*00}  *  II  dr  o  («a<>}»  ons  obtalasi 

r* 

(s  ♦  t)  f  (••*)  •  V*  ♦dj  (•*»*).  (®) 

dhors  f  (•#»)  •  Lf^(r,s)o 

OLfroraatiating  (8)  with  rsspaot  to  s  ona  obtains 

•  (^ -!)/(•  ♦  *)»  **“  ^  solution  f(s»*)  •  A(s*d^)(»  ♦  »)  • 

Ihs  ooostwit  of  lntograti«i  A(s,fl|).  !•  dotsrain^l  by  substituting  this 
solution  into  dquo  (8).  Xn  this  nannor  ona  obtains* 


fCo»*)  •  •  (s  ♦  •) 


9 

fo  obtain  ^  (r.s)  tho  inwarso  Laplaoo  ttansfom  of  f(s«i)  la  iwquirod  . 


•  aa#"Collaot#d  Papops  of  Oso.  A.  Caspboll",  pp  •»»  #20 
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P  (r,s)  •  L  •  r  (1  .  cij  ,  2|  -  »r)  . 


(10) 


oo 

lto«  iF.  (a,b„)  .  21  r^a  4  B).r(b)»x»^  ^  confwt  hyper- 

n^«  n*)’ A»*  ♦  »)-a  I 

gaoBatrie  aarlee  or  the  eo-eallad  aodlfiad  Euanar  funotlon, 

lha  yiald  of  T»a  nautrona  in  a  aphara  of  radlua  S  la  mda  up  of  two 
parta.  the  fraotion  arlaing  fro*  the  first  oolllelooa  of  the  primry 
photons  ia 


(11) 


®*>^a  fy  la  the  fraotloa  of  the  prlaary  photons  that  would  be  absorbed 
itt  the  r,n  raaotloa  upon  first  ooXliaion  in  an  infinite  sphere  of 

^  sphere  radius  in  units  of  the  priaairy 
photon  ■eon  free  pathj^x  ■  /**qRo  The  yield  of  second  and  higher  ool- 
liaiona  ia  glean  by 

drf(r«S)  which  beoaaws«  iqpon  lntro> 

duoiag  tha  axpreselons  (6)  and  (10) 


(12) 


■hara  0  -|^(•o■>•)/^(I^^j^‘’dB(A^(g)//«^(g^))  ^ 


Hare  B  ia  an  energy  dependent  funotion  which  is«  according  to  the  approx- 
imtion  (S)« 


•  -  (/“(*)  -  /“«)//*,  (By  S  -  l)/(l  ♦  .069  d  B„) 


(IS) 
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and  Pq(x}  la  the  integrated  Poiason  oolliaion  distribution  of  constant 
mean  Pree  fMith  Torward  oolliaionsj;  n  •  o  correspoads  to  aeoond  colliaiooso 
n  »  I  to  thirds  etCc 

V*)  "  *  V(n  ♦  1)  I  -  1  -  ^  xVl  t  (14) 

2 

The  loiver  energy  limit  in  (12)  ia  the  Yi^n  threshold^  4c5  mo  . 

The  Ttfm  yield  Prom  all  collisions  in  an  infinite  sphere  of  1^0  is  the 
sum  of  (11)  and  (12)  for  a  ••  oo  namely <>  FyoB  adiere 

t  -  1  ♦  ^  d8  (1  ♦  B)^  (15) 

1  **■  ^ 

Hegleoting  all  except  first  collisionsfi  the  ratio  between  the  finite 
end  infinite  sphere  yield  is 

.  I  -  •"*  (15) 

into  aooount  eeoond  and  hi^er  collisions  cne  obtains  the  ratio 
between  the  infinite  and  finite  sphere  yield  by  multiplying  the  first 
oollieion  yield  ration  1/F^«  by  a  factor  where 


-  b/(i  ♦  oAt) 


(1-0 
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Th»  quaatitioa  U  azid  E  dofindd  by  oquatioiu  (12)  and  (15)  vora 
obtalaod  by  ouiaerical  iatagration  ovar  tha  T-^ray  enargies  aboTs  tha 
Y«a  thraahold*  i>ropping  tanas  beyorid  a  *  2  in  t]M  aarias  appaaring 
ia  Squu  (12)  introduead  an  arror  in  D  of  lass  than  0,2^* 
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